We developed a chemically defined medium called milieu proche du lait (MPL), in which 22 Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) strains exhibited growth rates ranging from 0.55 to 1 h
Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus)
and Streptococcus thermophilus are used in the dairy industry to transform milk into yogurt. However, despite the industrial interest in L. bulgaricus, little is known about its physiology and genetics. A chemically defined medium (CDM) is a prerequisite for physiological studies that allows experimentation under reproducible conditions via the control of all nutrient sources. So far, of the three CDMs published for L. bulgaricus, two involve an agarose-solidified medium (reference 22, as modified by reference 4 and T. Sasaki and Y. Sasaki, Abstr. Fifth Symp. Lactic Acid Bacteria, abstr. E16, 1996) . The third CDM was developed for an L. bulgaricus strain (NCFB2772) which exhibited an anaerobic growth rate of around 0.2 h Ϫ1 ; this rate is at least three times lower than growth rates in rich and complex media such as milk or MRS (12, 13) . In view of these drawbacks, we considered it necessary to develop a new CDM that would allow efficient growth of L. bulgaricus strains. This criterion was fulfilled by milieu proche du lait (MPL), since all L. bulgaricus strains tested (22 strains) grew in this medium with an average rate of 0.7 h Ϫ1 (corresponding to a doubling time of about 1 h).
The composition of MPL allowed us to examine sugar utilization in L. bulgaricus. Previous genetic characterization of the lactose transport system showed that the LacS permease in L. bulgaricus belongs to the galactose-pentose-hexuronides (GPH) family (23, 30) . However, little is known about the transport of glucose, mannose, and fructose, the other three sugars catabolized by L. bulgaricus. There are no reports concerning mannose and fructose, two sugars that are transported by the phosphotransferase system (PTS) in other lactic acid bacteria (25, 29, 34) . Biochemical studies have indicated that glucose and its analogue, 2-deoxyglucose (2DG), are internalized via the PTS in some L. bulgaricus strains (14) . The PTS catalyzes concomitant transport and phosphorylation of sugars via a specific membrane-localized enzyme II complex (EII) which is phosphorylated by the general PTS enzymes HPr and enzyme I (for a review, see reference 31). Characterization of PTS transporters is of interest since (i) PTS sugars are often preferred carbon sources, and (ii) PTS enzymes like HPr exert regulatory functions affecting the catabolism of other sugars via a control of transport and/or glycolytic activities (15, 31) . EII Man (mannose-specific EII) is able to transport mannose, fructose, glucose, and 2DG in Escherichia coli and gram-positive bacteria (20, 25, 31, 37) and is found in many lactic acid bacteria, such as Lactobacillus sakei, Lactobacillus casei, Lactobacillus pentosus, Lactobacillus plantarum, Lactobacillus curvatus, and Lactococcus lactis (7, 35, 39, 40) . It is therefore possible that glucose, mannose, and fructose are transported by an EII Man homologue in L. bulgaricus. In order to initiate the genetic characterization of PTS transporters, mutants resistant to 2DG were isolated. Transport of 2DG via EII Man leads to accumulation of phosphorylated 2DG, which is toxic for the cell. Previous studies indicated that spontaneous 2DG-resistant mutants usually affect EII Man -specific enzymes (10, 20, 36) . We analyzed the phenotypes of mutants for their growth properties on various sugars in MPL.
Finally, to facilitate the use of MPL for various physiological studies, we developed a protocol to label neosynthesized proteins and verified that phage infection and exopolysaccharide (EPS) production occur in this medium.
MATERIALS AND METHODS
Strains and culture conditions. L. bulgaricus strains used in this study were as follows: CNRZ208, which corresponds to the type strain ATCC 11842, CNRZ397, CNRZ1057, and 21 strains numbered from VI1001 to VI1021 which are natural isolates of various origins (T. Smokvina, unpublished data). Other lactic acid bacteria strains used were L. delbrueckii subsp. delbrueckii CNRZ225 and subsp. lactis CNRZ207, Lactobacillus acidophilus CNRZ204 and CNRZ462, Lactobacillus helveticus CNRZ223, Lactobacillus fermentum CNRZ209 and CNRZ236, Lactobacillus plantarum CNRZ211, Lactobacillus buchneri CNRZ214, Lactobacillus zeae ATCC 393, formerly classified as Lactobacillus casei (8) Liquid cultures were inoculated with dilutions (at least 100-fold) of (i) a fresh colony grown on MRS complex medium (Difco) plates and resuspended in 1 ml of medium or (ii) cells from a fresh culture that were first washed in 0.9% NaCl. Growth was estimated by measuring optical density at 600 nm (OD 600 ) and/or by serial dilution and plating. Growth kinetics measurements were performed using a microplate reader (Microbiology Reader Bioscreen C; Labsystems). The culture volume was around 350 l, and samples were overlaid with mineral oil to avoid aeration during shaking. For experiments in larger volumes (in which OD and pH were monitored), cultures were distributed into several tubes; each tube was used for one measurement to avoid aeration due to mixing.
Optimization of MPL component concentrations. Strain CNRZ397 was cultured in MPL containing various concentrations of one of the following components: thioglycolate, riboflavin, cobalamine, calcium chloride, or a mixture of four vitamins (folic acid, calcium pantothenate, niacin, and pyridoxal). Growth kinetics were followed using a microplate reader. The final concentration used in MPL was higher (often 10-fold) than the concentration leading to decreased growth.
Phage infection. Phage 19 was propagated on MRS or MPL stationary-phase cultures of indicator strain L. bulgaricus CNRZ1057, using standard procedures (1) . The phage titer of each lysate was estimated by spotting serial dilutions on a lawn of CNRZ1057 in MRS top agar supplemented with 10 mM CaCl 2 .
Isolation and characterization of 2DG-resistant mutants. Bacteria were grown in MPL plus 2% lactose (MPL-lactose) to an OD 600 of 1.5, washed with MPL without sugar, and plated onto MPL agar containing 0.1, 0.2, or 0.4% lactose and 2, 5, or 10 mM 2DG. After 24 to 35 h of incubation at 42°C, colonies were purified on MPL agar containing lactose and 2DG. Phenotypic tests were performed as follows: MPL-lactose cultures of the mutants were serially diluted in 0.9% NaCl and spotted on MPL agar either containing a 1% concentration of lactose, glucose, fructose, or mannose or without sugar (control). Growth of colonies was monitored after 24 to 96 h of incubation at 42°C.
Protein labeling. 35 S]methionine (ICN Pharmaceuticals, Inc., Irvine, Calif.) per ml was added to the culture. After 2 to 30 min, the labeling was interrupted by the addition of 0.8 mM cold methionine and 1 volume of ice-cold MPL. Cells were collected by centrifugation for 3 min at 10,000 rpm and 4°C. The equivalent of 0.2 ml of culture was resuspended in 32 l of TES (50 mM Tris [pH 8], 5 mM EDTA, 20% sucrose), lysozyme (0.2 mg/ml), and mutanolysin (100 U/ml; Sigma) and incubated for 2 min at 37°C. An 8-l aliquot of 5ϫ Laemmli buffer (19) was then added before a 5-min incubation at 95°C for lysis. Protein samples were analyzed by classical sodium dodecyl sulfate-polyacrylamide gel electrophoresis (19) and autoradiography.
RESULTS

MPL medium. (i) Design of MPL R .
Growth of L. bulgaricus CNRZ397 was tested in CDM, described in the literature (4, 20) . As growth was poor (at best reaching an OD 600 of 0.8 after 24 h), even after addition of vitamins and Casamino Acids, we chose to develop another CDM, referred to as MPL R (Table  1) . This medium was designed using components present in previously described CDMs as well as in milk. Concentrations of lactose, phosphate, calcium, potassium, sodium, citrate, chloride, and oleic acid (the major fatty acid in cow milk) were based on milk composition (2, 22, 26) . We used several components previously reported as stimulatory for L. bulgaricus growth, i.e., formate, pyruvate, acetate, ascorbic acid, and nucleic acid bases (18, 22) . Tween 80 was used as a putative lipid source, although it can also act as a detergent. The reducing agent thioglycolate was added, since our tests were not carried out under strict anaerobic conditions. Amino acids, bases, vitamins, and micronutrients were used according to concentrations previously described for various CDMs ( Table 1) . The resulting MPL R comprised 60 components (Table 1) and allowed the growth of CNRZ397 with an average doubling time of 1 h and a final OD 600 of 2.
(ii) Simplification and optimization of the medium. Singleomission tests were carried out to reduce the number of medium constituents without affecting CNRZ397 growth; the final medium was called MPL ( For eight of the "essential" compounds, concentrations affecting CNRZ397 growth were determined (Materials and Methods), and final optimal concentrations in MPL were adjusted accordingly. Moreover, acetate, iron, amino acid, and phosphate concentrations were modified as described below. (i) Acetate was increased to 75 mM, which allowed a higher growth yield. This is probably due to an increased buffering capacity, since addition of another buffer (morpholinoethanesulfonic acid [MES] ) also increased the yield in the presence of 15 mM acetate. (ii) Elimination of manganese or iron did not affect growth as long as calcium and micronutrients were present. Therefore, we kept these elements but the amount of iron, which is potentially toxic, was reduced about 300 fold. (iii) Amino acid concentrations were modified according to Casamino Acid composition (Table 1) . (iv) Potassium phosphate was replaced by sodium phosphate (7.91 mM) and adjusted to obtain an initial medium pH of 6.4.
All these modifications led to MPL, which contains 45 constituents including the 20 amino acids (Table 1 ) and allows the growth of CNRZ397 with a doubling time of about 70 min, with a final OD 600 of 2 and pH of 4.2.
Lactic acid bacteria growth in MPL. Since MPL allowed rapid growth of CNRZ397, we tested 21 other strains of L. bulgaricus that belong to several randomly amplified polymorphic DNA groups (E. M. Lim, personal communication). Growth kinetics measurements carried out in microplates showed that the doubling times of these strains ranged from 40 to 75 min (mean, 60 min). Final OD 600 values for batch cultures ranged between 1.1 and 3 (mean, 2.4). Although the growth rates were only slightly lower in MPL than in MRS medium, the final OD in MPL was two to three times lower than the OD in MRS.
Growth of several other lactic acid bacteria was also tested in modified MPL (with the vitamins of MPL R ) containing glucose or lactose (Fig. 1) . The tested strains of L. fermentum, L. mesenteroides, L. plantarum, L. buchneri, L. zeae, and S. thermophilus CNRZ1358 grew well until the OD 600 reached Ӎ1 to 2.5. In contrast, S. thermophilus IL73 as well as L. delbrueckii subsp. lactis CNRZ207, L. delbrueckii subsp. delbrueckii CNRZ225, L. helveticus CNRZ223, and L. acidophilus CNRZ204 and CNRZ462 did not grow in MPL or grew only poorly. These data indicate that MPL is a suitable CDM not only for L. bulgaricus strains but also for a wide range of other lactobacilli, including L. fermentum, for which no CDM was previously available. Moreover, MPL may allow coculture of L. bulgaricus with at least some S. thermophilus strains and may thus be useful for concomitant physiological studies of these two species, which are used together in yogurt production.
Growth of L. bulgaricus on different carbohydrates. L. bulgaricus ferments lactose, glucose, fructose, and mannose (5, 12) and does not grow on galactose. The 22 L. bulgaricus strains had a doubling time of about 1 h in MPL-lactose, compared to 3 to 4 h in MPL containing 1% glucose (MPL-glucose). In both cases, cultures reached equivalent OD 600 levels after 24 to 48 h of incubation at 42°C. Growth in MPL-mannose or -fructose was, for most of the tested strains, similar to that in MPLglucose. This observation is surprising in view of the usual preference of bacteria for glucose, which is often transported via the PTS (15, 31) . Galactose has been reported to accumulate in the medium after fermentation of the glucose moiety of lactose. To determine whether galactose accumulation might Table 1 , column 2. OD 600 was measured after at least 48 h of incubation at either 42 or 30°C. The standard deviation is indicated when two independent experiments were performed. be responsible for the better growth on lactose, the effect of galactose on growth in MPL was tested. Supplementation of MPL-glucose (1%) with galactose (0.5 to 2%) did not modify growth, whereas addition of more than 1% galactose in MPLlactose (1%) reduced the growth rate and the final biomass of the cultures (Fig. 2) . Thus, while galactose may affect the efficiency of growth on lactose, it does not account for the growth differences observed between lactose and glucose. The efficiency of growth also depended on lactose concentration: we found that below 0.4% lactose, the growth rate was proportional to the sugar concentration. Doubling time increased from 68 to 160 min when lactose concentration varied from 0.4 to 0.1% (data not shown).
We also examined growth when both glucose and lactose were present (the concentration of each sugar was between 0.1 and 2%). The addition of glucose did not affect the growth rate on lactose. Moreover, no diauxic growth curve could be observed, suggesting that both sugars are more probably simultaneously consumed (data not shown). These results suggest that lactose catabolism is not under catabolic repression by glucose in L. bulgaricus. This observation fits with the fact that growth on glucose is less efficient than on lactose.
Selection and characterization of 2DG-resistant mutants. Strains ATCC 11842 and CNRZ397 were plated on MPLlactose containing 2DG. After 2 days of incubation, colonies appeared with a frequency of 10 Ϫ5 . Sugar fermentation patterns of these mutants were studied on MPL plates containing different sugars as the sole carbon source. ATCC 11842-derived mutants exhibited four phenotypes: (i) two mutants were not affected on any sugars; (ii) one mutant was unable to grow on glucose and fructose and its growth was delayed on lactose; (iii) four mutants were greatly affected on glucose and slightly affected on mannose; and (iv) three mutants grew poorly, only on glucose. Therefore it appears that growth on glucose, mannose, or fructose can be dissociated in the ATCC 11842 strain.
We isolated and analyzed 74 2DG-tolerant mutants from CNRZ397. A majority (75.6%) grew normally on lactose and displayed a Glc Ϫ Man Ϫ Fru Ϫ phenotype; some (5.4%) displayed reduced growth on glucose, mannose, and fructose; and the remainder (19%) grew normally on each of the three sugars. These results show that, in contrast to the mutants derived from the ATCC 11842 strain, each CNRZ397-derived mutant had a similar growth on the three sugars tested, i.e., none, slow, or normal growth. We conclude that CNRZ397 is likely to have a single transporter for the three sugars, which is affected in the majority (around 80%) of the 2DG r mutants, whereas several sugar transporters probably coexist in ATCC 11842.
Protein labeling, phage infection, and EPS production in MPL. (i) De novo protein synthesis. Radioactive labeling of proteins may be useful for a number of physiological studies, in particular in conjunction with two-dimensional gel electrophoresis. Here we showed that proteins may be labeled efficiently in MPL (Fig. 3) . Incorporation of about 5 ϫ 10 4 to 1 ϫ 10 5 cpm for 0.2 OD 600 units, obtained in 2 min, gave an easily detectable signal on X-ray film. Incorporation increased with a longer labeling time. As expected, use of higher amounts of [ 35 S]Met (25 and 50 Ci/ml) resulted in a greater incorporation. Such labeling allows detection of induced or repressed proteins under different environmental conditions (24) .
(ii) Phage infection. To test phage development in MPL, strain CNRZ1057 was infected by phage 19 (33) using a multiplicity of infection of around 1/50 (Materials and Methods). Cells grown in MRS were used as a control. The resulting phage titers reached 5 ϫ 10 6 and 3 ϫ 10 8 PFU/ml in MPL and MRS, respectively. This result suggests that MPL can be used for phage infection studies but that phage development may be hampered.
(iii) EPS production. EPS production is an important industrial trait of L. bulgaricus for yogurt quality (6) , although the amounts of EPS produced by these lactobacilli are often small (12) . The supernatants of MPL batch cultures of CNRZ416 and CNRZ1187 contained 30 to 50 mg of EPS/liter (S. Petry, personal communication). This is similar to the amounts detected in media optimized for EPS production and in which L. bulgaricus growth was much slower than in MPL (12, 28) .
DISCUSSION
MPL is the first CDM described that allows a high growth rate for L. bulgaricus. Grobben et al. (12) reported growth rates of 0.18 to 0.23 h Ϫ1 (i.e., doubling times of 3 h 50 min to 3 h) in media designed for EPS production, and growth rates in MPL are close to 0.7 h Ϫ1 (doubling time of 60 min). Our work (ii) A high proline concentration appears to be essential. We observed that increasing the proline concentration from 0.04 to 0.54 g/liter markedly improves growth (data not shown). It was previously established that proline plays a role in osmotic protection in some lactobacilli and in Lactococcus lactis (11, 17, 27) . In our case, the requirement for a high proline concentration could reflect an osmotic protection role or a nutritional requirement due to inefficient uptake. (iii) Sodium thioglycolate (␤-mercaptoacetate), a reducing agent, is important for efficient growth. It is known that during growth toxic oxygen derivatives are produced, but the enzymes required to eliminate them appear not to be expressed in L. bulgaricus (3). Reducing agents may provide protection against toxic products, particularly if growth conditions are not strictly anaerobic.
Our work confirmed some observations of Grobben et al. (12) concerning the nutritional requirements of L. bulgaricus. Single-omission growth tests confirmed that niacin, calcium pantothenate, riboflavin, and vitamin B12 were essential for growth and that biotin, thiamine, and p-aminobenzoic acid were dispensable in MPL. However, we also observed major differences in requirements, compared to those reported by Grobben et al. We found that folic acid, pyridoxal, and CaCl 2 were important for efficient growth. Conversely, citrate and ammonium were eliminated from the MPL medium without affecting growth efficiency. These discrepancies could be due to other differences in medium composition or to strain-specific requirements.
L. bulgaricus does not use galactose but catabolizes the glucose moiety of lactose (14, 32) . Enzymes responsible for glucose fermentation are thus present in L. bulgaricus. However, a rather important difference in doubling times was observed on MPL-lactose (1 h) and MPL-glucose (ϳ3 h). A possible explanation is that the lactose preference may be due to characteristics of the transporters involved in glucose or lactose uptake.
The lactose permease (LacS) of L. bulgaricus is homologous to LacS of S. thermophilus (30) . This permease is a galactoside/H ϩ symporter which can transport either galactose or lactose. Under physiological conditions, LacS activity catalyzes the exchange of both sugars, leading to the entry of lactose and the efflux of galactose according to the gradient of sugars (9, 38) . Our results, showing that the presence of galactose results in growth inhibition (if more than 1% galactose with 1% lactose is present) or slow growth at low lactose concentrations (below 0.4%), indicate that a similar exchange mechanism may exist in L. bulgaricus CNRZ397.
Previous studies (14) indicated that glucose is imported via a PTS in some strains of L. bulgaricus. Analyses of 2DG r mutants in this study suggest that the CNRZ397 strain imports glucose, mannose, and fructose via a single transporter. In many bacteria, the PTS-specific enzyme EII Man is able to transport glucose, mannose, and fructose. Also, EII Man is considered to be involved in 2DG sensitivity. Therefore we propose that EII Man is present in L. bulgaricus CNRZ397 and that it transports glucose, mannose, and fructose. By contrast, the ATCC 11842 strain probably uses different systems to take up these sugars. ATCC 11842 gave a high background of growth on lactose-2DG plates, and this low 2DG sensitivity may reflect the absence of EII Man in this strain. Therefore, transport systems of sugars other than lactose are likely to vary among L. bulgaricus strains.
The observations reported above strongly suggest that glucose import is inefficient in L. bulgaricus. This is in contrast with the general idea that glucose, transported via a PTS, is the most energetic or hierarchically preferred sugar for bacteria. We propose that this is an example of bacterial adaptation to a given growth medium, since L. bulgaricus is usually found and extensively cultured in milk in which lactose is present at a high concentration (around 5%).
In conclusion, our studies indicate that MPL may prove useful for biochemical studies and phage and EPS production as well as protein labeling in L. bulgaricus. Use of this medium should thus facilitate physiological and genetic studies of this important microorganism.
